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We present an overview of the Low Frequency Array (LOFAR) project. LOFAR
is intended to be a low frequency instrument (v ~ 10 to 240 MHz) with massive
collecting area (~ 10 m?) and high resolution (~ 1”5 at 100 MHz). We discuss the
major design concepts for LOFAR as well as the scientific motivation, with special

emphasis on cluster research.

1. Introduction

The science of radio astronomy started at low fre-
quencies with the discovery of celestial radio waves by
K. Jansky at 20.5 MHz (Jansky 1935). However, be-
low 150 MHz, large phase distortions introduced by the
ionosphere have prevented the kind of high resolution,
thermal noise limited images possible at higher frequen-
cies.

The paucity of large aperture, high-sensitivity, synthe-
sis instruments operating below 150 MHz means that this
portion of the radio spectrum has been explored partic-
ularly poorly, despite the large number of astrophysical
phenomena that can be addressed only by a sensitive,
high-angular-resolution, low-frequency telescope:

e Continuum spectra over much larger frequency dy-
namic ranges for studies of shock acceleration and
spectral aging in Galactic (supernova remnants)
and extragalactic (radio galaxies and galaxy cluster
relics) sources;

e Efficient detection of large numbers of steep spec-
trum sources, which can be imaged in some
cases, including high-redshift radio galaxies, shocks
driven by infalling matter in clusters of galaxies,
and pulsars in the Milky Way and possibly in ex-
ternal galaxies;

e Probing the ionized interstellar medium (ISM) via
measurements of radio wave scattering, the distri-
bution of low density ionized gas toward nonther-
mal sources, and hydrogen and carbon recombina-
tion line observations of very high Rydberg state
atoms;

e The large opacity of H II regions below 100 MHz
can enable distance determinations to various fore-
ground objects, in both the Galaxy and external
galaxies, from which the three-dimensional distri-
bution and spectrum of cosmic-ray emissivity can
be determined as well as being used to measure
their emission measures, temperatures, pressures,
and ionization states
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Fic. 1.— Resolution of the 74 MHz VLA as compared to other
low frequency telescopes and surveys.

e Detection of coherent emission from sources such as
the Sun, Jupiter, pulsars, and possibly radio bursts
from nearby stars and extrasolar planets.

2. The Low Frequency VLA

The development of self-calibration has led to a revolu-
tion in low frequency radio interferometry, by finally per-
mitting correction to previously intractable ionospheric
phase effects. This permitted development of the 74 MHz
system at the Very Large Array (VLA) telescope in So-
corro, New Mexico (Kassim et al. 1993, 2003a). The first
low-frequency (< 100 MHz) system with long (> 10 km)
baselines, this system represents a major advance in both
resolution and sensitivity in this frequency range (Figs. 1
and 2).

The 74 MHz VLA system has, in its short existence,
already produced a wide variety of unique observations
in a wide range of fields. Observation targets include
clusters of galaxies (Fig. 3), radio galaxies (Fig. 4), nor-
mal galaxies, the Galactic Center, supernova remnants,
H II regions, pulsars, the ISM and extrasolar planets.
With increased computational power and the introduc-
tion of new data reduction techniques for radio frequency
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Fia. 2.— Sensitivity of the 74 MHz VLA as compared to other
low frequency telescopes and surveys.

FiG. 3.— The Coma cluster of galaxies at 74 MHz (Kronberg
1999). This image shows the entire primary beam of the VLA
at 74 MHz and illustrates the efficiency with which large sections
of the sky can be imaged with a sensitive, long-wavelength instru-
ment. The rms noise is 25 mJy beam ™1, and the field covers ap-
proximately 15° at a resolution of 1’. The sidelobes apparent in the
lower right section of the image result from insufficient CLEANing
of the radio galaxy Virgo A, approximately 20° away. The Coma
cluster of galaxies and its halo are in the central portion of the
image.

interference (RFI) excision, ionospheric calibration, and
wide-field imaging, both the 74 and 330 MHz VLA sys-
tems (the latter completed in 1990) have ushered in a
quiet renaissance in low frequency radio astronomy.

3. LOFAR: Design Concept

The 74 MHz VLA system (Kassim et al. 1993, 2003a),
with its unprecedented angular resolution (= 20”), has
unprecedented sensitivity (~ 30 mJy beam~!), even
though its collecting area (~ 10% m?) is relatively mod-
est. Its dramatic successes provide a strong incentive
to develop a much larger (~ 500 km baselines) and
more sensitive (Aeg > 10° m?) instrument. Such an

Fic. 4.— Virgo A at 74 MHz (Kassim et al. 1993). This
image has an angular resolution of 25’ and is approximately 15’
in size. While sufficient to resolve the well-known radio halo of
this active galaxy, detailed observations of the galaxy itself require
higher angular resolution.

instrument could explore the entire low frequency radio
spectrum at unmatched levels of sensitivity (sub-mJy)
and angular resolution (arc-second) (Kassim & Erickson
1998; Kassim et al. 2003a) and will provide a unique and
efficient tool both for large-scale emission studies (e.g.,
supernova remnants, the inner Galaxy, and galaxy and
cluster halos), for high-sensitivity observations of small-
diameter steep-spectrum sources (e.g., pulsars, high red-
shift radio galaxies, and extrasolar planets), and iono-
spheric and magnetospheric physics investigations.
Because the effective area of a dipole receiver is pro-
portional to A2, at low frequencies, significant collecting
area can be achieved with simple dipoles, without the
need for expensive radio dishes. Thus, rather than an ar-
ray of radio dishes, the strategy is to use “stations” each
consisting of roughly 200 phased active dipole antennas
spread over a roughly 100 meter circle on the ground
(Fig. 5). Each station will function as a single antenna
in an array such as the VLA. LOFAR will consist of
roughly 100 stations, with baselines up to 500 km.

4. LOFAR: Technical Specifications

Motivated by the general design concept and the sci-
ence goals outlined above, a series of scientific and tech-
nical requirements were developed to drive the LOFAR
design. Table 1 summarizes the current technical speci-
fications that emerged from those considerations.

A New Spectral Window The scientific projects de-
scribed above, and serendipity, are all enhanced
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by an instrument that is as broad-band as possi-
ble within reasonable economic constraints. LO-
FAR should be capable of observing at as low a
frequency as possible above the ionospheric cutoff
near 10 MHz. Past experience has indicated that
ionospheric scintillations, which cannot be removed
by self-calibration, will degrade a non-negligible
fraction of the data below roughly 30 MHz. Thus,
we plan for an instrument which can reach 5 MHz,
with a realization that it will operate with reduced
efficiency below 30 MHz. At the upper end of its
frequency range, LOFAR should reach the lower
frequencies of other sensitive radio interferometers
like the GMRT and the VLA. Based on these con-
siderations, and driven also by the desire for a ca-
pability to detect red-shifted H I near z ~ 6, LO-
FAR’s upper frequency is at 240 MHz.

Imaging Poor angular resolution is the single greatest
reason for the limited scientific yield of previous low
radio frequency instruments. LOFAR should be ca-
pable of resolving radio galaxies, which have a me-

TaBLE 1. LOFAR BASIC SPECIFICATIONS dian angular diameter of 10”, at least at the higher
end of LOFAR'’s frequency range, and it should be
able to conduct interstellar scattering observations

Parameter Design Goal with a resolution competitive to that employed by
Frequency Range centimeter-wavelength VLBI (a2 5 mas at 1.4 GHz).
Low 10-90 MHz However, previous low-frequency VLBI measure-
High 110-240 MHz ments (Clark et al. 1975) have shown that few
Redshift Coverage (H I) > 4.9 sources have compact structures that can be de-
Effective Collecting Area tected on baselines longer than 500 km. A rea-
Low (10-90 MHz) 1081 (v/15 MHz)~2 m? sonable goal is an array whose longest dimensions
High (110-200 MHz) 1051 m2 are 400-500 km, producing approximately 10" (1”)
High (200-240 MHz) 1051 (/200 MHz)~2 m?2 resolution at 15 MHz (150 MHz) (Figure 6).
Baselines 0.02-400 km e . .
Angular Resolution (FWHM) 0764 at 240 MHz Sen51t1v1Fy LOFAR should . be competitive with
Number of Receptors cenjclmeter—wavelength instruments for obser-
Low (10-90 MHz) 13,365 dipoles vations of moderately steep-spectrum sources.
High (110-240 MHz) 213,840 dipoles Earlier work on expanding the low frequency
Number of Stations ~ 100 capabilities of the VLA (Perley & Erickson 1984)
Point Source Sensitivity? indicates that if the individual “stations” have
10 MHz 3.0 mJy effective areas Aog ~ 10 m? at 74 MHz, the
30 MHz 1.6 mJy confusion and thermal-noise contributions to
75 MHz 1.0 mJy the system temperature are comparable. With
120 MHz 0.13 mJy a total collecting area of 10° m? at 15 MHz,
200 MHz 0.03 mJy LOFAR could achieve milliJansky-level sensitivity
Brightness Temperature Sensitivity in reasonable integration times, e.g., 0.5-1 mJy
10 MHz 1053 K at 74 MHz for an 8-hour integration and 3 MHz
30 MHz 1051 K bandwidth. The Expanded VLA (EVLA) will
75 MHz 1046 K attain an point-source sensitivity of 3.3 puJy in 8 hr
120 MHz 1040 K at 1400 MHz, so that observations of sources with
200 MHz 1034 K spectra steeper than —1.3 will be more effective
Instantaneous Sky Coverage 0.1 sr/beam at 10 MHz with LOFAR. As the sensitivity (collecting area)
Mapping Capability Full field of view of a sparse dipole array scales as A2, LOFAR’s
Number of independent fields of view 8 projected sensitivity will also match smoothly to
Time Resolution 1 ms that of the GMRT at LOFAR’s high-frequency
Polarization full Stokes end (> 150 MHZ) (Figure 6).

SLOFAR may include the 90-110 MHz band. Frequency \./'ersatlhty.ln order to constrain emission

bSensitivity calculations are for a single polarization, 1 hour inte- Ir}ec.hanl'sms for various f:la.SSGS of sources a.s well as

gration, and 4 MHz bandwidth. distinguish between emission and absorption pro-
cesses along the line of sight to a source, LOFAR
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Fic. 6.— Angular Resolution and Sensitivity of LOFAR as com-
pared to other past, present, and proposed imaging instruments in
the 10-200 MHz range. The LOFAR sensitivity calculation is based
on a A2-dependent collecting area assumed to be 106 m? at 15 MHz.
A bandwidth of 3 MHz and integration time of 8 hours have also
been assumed. In both panels, in addition to LOFAR, the angu-
lar resolution and point-source sensitivity of the CLRO, Culgoora,
74 MHz VLA, UTR2, Cambridge Polar cap survey, DRAO-10 and
DRAO-22, Gauribidanur, Mauritius, and GMRT are shown.

must be a broad-band instrument. Continuous fre-
quency coverage, or as nearly continuous as al-
lowed by interference, is required over LOFAR'’s
frequency range.

Solar System and Space Weather Studies
LOFAR is anticipated to study solar nonthermal
and thermal phenomena, e.g., flares and storms.
LOFAR can also be used in conjunction with a
separate transmitting facility to test the feasibility
of using solar radar for studying coronal mass ejec-
tions (CMEs) and geomagnetic storm prediction,
and for other solar, ionospheric, and space-weather
applications. Therefore, LOFAR must have high
time resolution, high surface-brightness sensitivity,
and good instantaneous u-v coverage.

Spectroscopy LOFAR should be able to study emission
and absorption lines of carbon and other elements
from the cold ISM. Therefore, LOFAR should have
a high surface-brightness sensitivity with a spectral
resolution of at least 500 Hz; a desirable spectral
resolution would be 10 Hz.

Variable Phenomena In addition to space-weather
studies, LOFAR will be able to observe a variety of
objects or phenomena that can have rapid temporal
changes, e.g., pulsars, interplanetary scintillation,

extrasolar planet bursts. This requirement also de-
mands high time-resolution capabilities and good
instantaneous u-v coverage.

Polarization At LOFAR’s higher frequencies, solar

magnetic phenomena, Jupiter, pulsars, and extra-
galactic sources are expected to display significant
polarization. LOFAR will have full polarization ca-
pabilities.

Declination Coverage Using H II regions to constrain

the cosmic-ray distribution and studies of pulsars,
SNRs, X-ray binaries, and other discrete Galactic
sources require that LOFAR be able to see a signif-
icant part of the Galactic plane, especially towards
the inner Galaxy. The Galactic center is an es-
pecially desirable target for LOFAR observations
(Kassim et al. 2003Db).

Field of View lonospheric phase fluctuations can be

tracked by self-calibration as time-variable con-
tributions to the antenna-based phase solutions.
However, if the field of view is larger than the iso-
planatic patch, then the time-variable ionospheric
phases also acquire an angular dependence. New
imaging algorithms (e.g., field-based calibration
Cotton & Condon 2002; Kassim et al. 2003a) ad-
dress this problem and are needed for the 74 MHz
VLA where the field of view (> 10°) exceeds the
isoplanatic patch (often < 1°). LOFAR will mit-
igate this problem by limiting the field of view
through hardware design by phasing the signals
from closely spaced dipole antenna “elements” into
a station, thereby also providing good primary
beam definition. If the stations are large enough,
the field of view will be limited to less than the
typical isoplanatic patch; the Clark Lake TPT ar-
ray (Erickson et al. 1982) field of view at 74 MHz
(< 2.5°) was a result of its large stations. Addi-
tional restraints on the field of view are provided
by bandwidth- and time-averaging effects.

Ionospheric Compensation The 74 and 330 MHz

VLA systems demonstrate that self-calibration can
remove ionospheric phase effects when the full ar-
ray signal-to-noise ratio is 3-5. As the signal-to-
noise ratio on an individual baseline is a factor of
N~Y2 smaller than that for an array of N indi-
vidual antennas (or dipole stations), an array of
roughly 40 stations would mean that a signal-to-
noise ratio of approximately 1 would suffice. Con-
sidering also the desire for excellent u-v coverage,
the current LOFAR design calls for roughly 100
stations. The robustness of self-calibration can
be increased further by dual-frequency ionospheric
phase referencing (DFIPR, Kassim et al. 1993):
corrections for ionospheric phase fluctuations are
measured at a higher frequency and then scaled to
a lower frequency. DFIPR increases significantly
the coherence time of the data, allowing longer inte-
gration times for self-calibration. The possibility of
having a concurrent higher frequency (> 100 MHz)
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data stream in order to track the ionospheric dis-
turbances at the lower frequencies (< 100 MHz)
is naturally afforded by LOFAR’s broad frequency
coverage.

5. LOFAR: Science Drivers
5.1. Science Drivers: Overview

The Low Frequency Array is motivated by a large num-
ber of science drivers from a wide range of astronomical
fields. Some of the major fields LOFAR would contribute
to significantly include but are not limited to: (1) the
epoch of reionization (EOR), (2) emission (disk and halo)
and absorption mechanisms in galaxies, (3) the search for
fossil radio galaxies, (4) supernova remnants and their
connection to cosmic-ray acceleration, (5) the physical
parameters of H 1I regions, (6) interstellar propagation
effects, (7) carbon recombination lines, (8) the Galactic
distribution of cosmic rays (9) pulsars in other galax-
ies, (10) finding high redshift radio galaxies and (11) the
study of cluster radio halos and relics. In the next sec-
tion we explain in detail the usefulness of LOFAR to last
topic mentioned: cluster research.

5.2. Science Drivers: Cluster Research

The surface brightness sensitivity and low-frequency
capabilities of LOFAR means that it will be an ideal
probe of diffuse, steep-spectrum radio sources in clusters
of galaxies. Two such classes of sources are known, radio
halos and the lobes of radio galaxies.

A small number of galaxy clusters have been found to
have radio halos—diffuse, central radio emission not as-
sociated with any one galaxy in the cluster (e.g., A754,
Kassim et al. 2001). Models for the origins of these
halos include injection of relativistic electrons from ra-
dio galaxies, turbulent in situ particle acceleration, or
a merger shock wave and secondary production from
hadronic interactions of cosmic ray protons with the in-
tracluster medium (Schlickeiser et al. 1987). The mag-
netic fields within the halos have been proposed to be
the result of phase transitions occurring after the Big
Bang, battery effects at shock waves, injection by radio
galaxies and galactic winds, or dynamo action driven by
structure formation flows. While each model has its ad-
vantages, none can explain all of the observed features of
radio halos.

Most models predict a much higher number of cluster
halos than observed. The “missing” halos may have es-
caped detection by virtue of their steep spectra, suggest-
ing that a low-frequency search will find many more ha-
los. Many models predict that radio halos are transient,
and a pool of relic electrons with energies £ ~ 100 MeV
is expected due to the long cooling times in this energy
range (Sarazin 1999). Indirect evidence for the existence
of these relic electrons has been found recently as ex-
cess extreme ultraviolet emission from clusters (Hwang
1997; Ensslin & Biermann 1998; Sarazin & Lieu 1998;
Bowyer & Berghofer 1998), emission that may be due to
inverse Compton scattering of cosmic background pho-
tons (Leiu et al. 1996; Bowyer et al. 1996, 1997; Mittaz
et al. 1998). If the radio synchrotron emission from these
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F1a. 7.— Hydra A at 74 MHz. The contours are at multiples of
the 3o noise level, 0.2 Jy beam~—! x —1, 1, 2, 4, 8, 16, .... The
image has been corrected for the attenuation of the primary beam.

halos can be detected, the combined radio and EUV in-
formation will provide a measurement of the magnetic
field strength inside the intracluster medium. An initial
comparison for the Coma cluster indicates the existence
of highly structured magnetic fields (Ensslin et al. 1999).
The combination of the number of halos and magnetic
field strength within them will provide more stringent
observational constraints for models.

Low radio frequency measurements of polarized back-
ground sources are also a sensitive tool for detecting weak
magnetic fields outside clusters of galaxies because of the
A? dependence of Faraday rotation. The high angular
resolution and sensitivity of LOFAR may enable it, at
the high end of its frequency range, to measure changes
in the Faraday rotation across extended, polarized, back-
ground sources. The sensitivity of LOFAR will increase
the number of background sources that can be used to
probe the peripheries of any given cluster and will extend
studies of the magnetic fields to the peripheral regions of
cluster with good statistics for the first time.

Often sitting in the center of the cluster’s gravitational
potential is a large elliptical galaxy containing an ac-
tive galactic nucleus (AGN). The AGN drives relativis-
tic jets of electrons into its surroundings. Recently, it
has become clear that these jets can influence the cen-
tral cluster properties. The jets inflate “bubbles,” con-
taining synchrotron-emitting plasma that typically are
buoyant in the intracluster medium. In some cases, the
total amount of energy carried by the jet and deposited
in the bubbles can exceed that being radiated in the X-
ray (e.g., Virgo A, Fig. 4, Owen et al. 2000). In other
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cases, e.g., 3C 84, the AGN may not be heating the in-
tracluster medium as vigorously, yet the buoyant action
of the bubbles is nonetheless modifying the intracluster
medium, as is apparent in both radio and X-ray obser-
vations (Fabian et al. 2002). More recently, Lane et al.
(2004) have shown that Hydra A (Fig. 7) also appears
to have large radio lobes that could be producing bub-
bles in its intracluster medium. With its much greater
surface brightness sensitivity (based on the number and
distribution of stations relative to the VLA antennas),
LOFAR should be able to find many more such bubbles,
particularly in concert with future X-ray observatories,
and trace the extent of the radio emission to larger dis-
tances from the center of the cluster.

6. Current Status of LOFAR

LOFAR is funded and being developed by an interna-
tional consortium comprised of the Naval Research Lab-

oratory and MIT’s Haystack Observatory in the US, and
ASTRON in the Netherlands. A formal management
structure is in place, and there are ongoing prototyping
activities as well as an active international Science Con-
sortium. The project was recommended by the US Na-
tional Academy of Science Astronomy Decade Report.
There is an ongoing preliminary design review (PDR),
with a goal for completion of the array by the end of the
decade.

Basic research in radio astronomy at the NRL is sup-
ported by the Office of National Research. A portion
of this work was performed while A. C. held a National
Research Council-NRL Research Associateship.
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